It has been suggested that a defective adaptive immune response contributes to septic immunosuppression. Here, the response of monocytes to CD40 ligand (CD40L) for patients with sepsis due to infection with gram-negative organisms has been analyzed. Compared to cells from controls, monocytes from septic patients showed significantly reduced production of tumor necrosis factor alpha, interleukin-1␤ (IL-1␤), and IL-12 and were unable to acquire high levels of CD80 and CD86 molecules. These alterations were observed at the onset of sepsis and persisted at day 7. However, the ability of monocytes to respond to CD40L stimulation was partially but significantly restored in cells from patients who recovered from sepsis. In addition, costimulation of autologous CD4
It has recently been appreciated that patients with sepsis suffer from altered immune responses, known as "immune paralysis" (10, 51) . This explains their difficulty in fighting their primary bacterial infection and their propensity to develop superinfections. Innate immunity functions are profoundly affected during sepsis. Circulating phagocytes show a marked decrease in their capacity to mount a proinflammatory reaction in response to microorganisms (9, 20, 35) . Monocytes express low levels of major histocompatibility class II molecules (16) . Adaptive responses are also markedly impaired during sepsis. This is highlighted by the development of opportunistic infections usually seen only in immunocompromised patients and the reactivation of dormant viruses, such as cytomegalovirus (21, 52) . Reduced T-lymphocyte proliferation and massive T-and B-lymphocyte apoptosis have been reported during sepsis and are responsible, at least in part, for the impairment of adaptive responses (7, 22) .
CD40 is a 50-kDa molecule expressed on different cell types, including monocyte-macrophages (1) . The human CD40 ligand (CD40L) is a type II integral membrane protein expressed primarily on activated CD4 ϩ T cells (2, 17) . Upon CD40 engagement, monocytic cells secrete a vast array of cytokines, including tumor necrosis factor alpha (TNF-␣), interleukin-1␤ (IL-1␤), and IL-12, which are important in promoting and maintaining Th1 and proinflammatory responses during bacterial infection (1, 27, 41) . CD40L activation of macrophages also results in the upregulation of surface molecules, such as CD80 and CD86, which play a critical role in T-cell activation (5) . Thus, CD40-CD40L interaction is an essential step for triggering the adaptive immune response (19) and is very likely to play a prominent role during sepsis, as demonstrated by the increased mortality observed in septic animals with mutations of the CD40L gene (39) .
Our research group has recently characterized lipopolysaccharide (LPS)-exposed monocytes in vitro in terms of their capacity to respond to CD40L stimulation (47) . Our findings demonstrated that tolerance in such cells involved a distinct functional state of activation and/or differentiation which is not restricted to LPS tachyphylaxis. Indeed, pretreatment with LPS substantially reduced the response of monocytic cells to CD40L in terms of both cytokine production and the expression of costimulatory molecules. Here, we have analyzed the response of monocytes to CD40L for patients with sepsis caused by gram-negative organisms. Compared to cells from healthy subjects, monocytes from septic patients showed significantly reduced production of TNF-␣, IL-1␤, and IL-12. In addition, monocytes from septic patients were unable to acquire high levels of the costimulatory molecules CD80 and CD86. Accordingly, costimulation of autologous CD4 ϩ T lymphocytes by CD40L-activated monocytes from septic patients failed to induce cell proliferation and gamma interferon (IFN-␥) production. Finally, the ability of CD40L to rescue monocytes from apoptosis induced by serum withdrawal was severely impaired during sepsis.
MATERIALS AND METHODS
Subjects. This study was approved by the Ethics Committee of the University of Rome Policlinico Tor Vergata hospital. Informed consent was obtained from all subjects. Sixteen patients were admitted to the Medical Intensive Care Unit, and 10 healthy, age-and sex-matched control subjects were enrolled. In the 24 h before entry, each patient met the following criteria: an identifiable site of infection and two or more systemic inflammatory response syndrome criteria, including a temperature of more than 38°C or less than 36°C, heart rate of more than 90 beats per minute, respiratory rate of more than 20 breaths per minute, and white blood cell count of more than 12,000 or less than 3,000 mm 3 . Patients were excluded from participation if they were less than 18 years of age; had an active malignancy, human immunodeficiency virus disease, end-stage renal dis-ease, or end-stage hepatic disease; required chemotherapy or ongoing immunosuppressive therapy; had received corticosteroids within 4 weeks before entry; or if pregnancy was not excluded. APACHE II and SOFA scores were calculated on admission to the study.
Compounds. Immunex (Seattle, WA) provided soluble trimeric recombinant CD40L. Recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF) containing 5. Limulus amebocyte lysate test. All the compounds and media used in this study were analyzed for endotoxin contamination by using a limulus amebocyte lysate test (QCL-1000; BioWhittaker, Inc., Walkersville, MD). All the samples analyzed were found to be free of endotoxin contamination (less than 0.1 endotoxin unit/ml).
Antibodies. For fluorescence-activated cell sorter (FACS) analysis, the following monoclonal antibodies were used: anti-CD14, anti-CD40, anti-CD86, anti-CD80, anti-TNF-␣, anti-IL-1␤, anti-IL-12 (this antibody reacts with human IL-12 p40 monomer and p70 heterodimer, but not p35 monomer), anti-IL-2, and anti-IFN-␥ (all from PharMingen, San Diego, CA). Staining was performed with fluorescein isothiocyanate-, phycoerythrin-, and Cy-chrome-coupled antibodies.
Cell stimulation. Peripheral blood from controls or patients was enriched for peripheral blood mononuclear cells (PBMC) by centrifugation over Ficoll-Hypaque. The cells were cultured in RPMI 1640 medium supplemented with 20% heat-inactivated fetal calf serum, 2 mM L-glutamine, 50 U/ml penicillin, 50 g/ml streptomycin, referred to as complete medium. The cells were kept at 37°C in a humidified atmosphere of 5% CO 2 in air in 96-well V-bottom plates (Corning, Incorporated, Corning, NY) at a concentration of 5 ϫ 10 5 cells/well in 250 l medium. For the determination of intracellular cytokine production by FACS analysis, PBMC from patients and controls were cultured at a concentration of 5 ϫ 10 5 cells/well in 250 l medium for 18 h in 96-well V-bottom plates (Corning, Incorporated, Corning, NY), using complete medium in the presence or in the absence of 500 ng/ml CD40L. Thirty minutes after stimulation, 1 g/ml of the protein transport inhibitor brefeldin A (Sigma Chemical Co., St. Louis, MO) was added. At the end of the incubation period, the cells were analyzed by FACS for intracellular cytokine production.
To evaluate the ability of CD40L and GM-CSF to upregulate the expression of CD40, CD80, and CD86, PBMC from patients and controls were cultured for 72 h in complete medium supplemented with either 500 ng/ml CD40L or 100 U/ml GM-CSF. At the end of the incubation period, the cells were collected and analyzed by FACS for CD80, CD86, and CD40 expression.
The experiments to evaluate the costimulatory ability of monocytes were carried out as follows. PBMC were cultured for 72 h in complete medium supplemented with either 500 ng/ml CD40L or 100 U/ml GM-CSF. At the end of the incubation period, the cells were washed, refed with fresh medium, and plated at a concentration of 2 ϫ 10 5 /ml in a flat-bottom 96-well plate coated with anti-CD3 (10 g/ml) (Becton Dickinson, San Jose, CA) in the presence or in the absence of 1 g/ml soluble anti-CD28 (Becton Dickinson). For the evaluation of cell proliferation, 0.25 mCi/well of [ 3 H]thymidine was added for the last 18 h of culture. The cultures were then harvested by using a multichannel harvester. The amount of [ 3 H]thymidine incorporated was determined by liquid scintillation spectroscopy (␤-counter; Canberra Packard Ltd., Pangbourne, United Kingdom). For intracellular cytokine detection, 30 min after plating in anti-CD3-coated wells, 1 g/ml brefeldin A was added. At the end of the incubation period (18 h), the cells were analyzed by FACS for intracellular cytokine production.
Assessment of hypodiploid DNA formation. Hypodiploid DNA formation was assessed by propidium iodide assay as previously described (13, 38) . In brief, PBMC (5 ϫ 10 5 ) were incubated in RPMI 1640 alone for 72 h with or without 500 ng/ml CD40L or 100 U/ml GM-CSF. At the end of the incubation period, the cells were washed twice in phosphate-buffered saline (PBS), detached by gentle scraping, and collected by low-speed centrifugation. After centrifugation, the supernatant was removed and the cell pellet was resuspended in 1 ml of 0.1% Triton X-100 solution in PBS containing 5 mg/ml bovine serum albumin. This step was repeated once for a total of two rinses. Then, the supernatant was removed and the cell pellet was resuspended in 1.5 ml propidium iodide solution (freshly diluted to 5 g/ml in PBS) containing 250 g of DNase-free RNase A. Finally, the cells were incubated at room temperature for 30 min in the dark and then the propidium iodide fluorescence of individual nuclei was measured by FACS as described by Nicoletti et al. (38) . The red fluorescence due to propidium iodide staining of the DNA was registered on a logarithmic scale at Ͼ620 nm. The forward and side scatter of particles were measured simultaneously. Cell debris was excluded from analysis by appropriately raising the forward-scatter threshold. The residual cell debris had a very low DNA fluorescence emission and a low side-scatter signal. At least 10 4 cells of each sample were analyzed. Surface marker and intracellular cytokine staining. After incubation, the cells were washed and stained for surface markers. Cells were then either analyzed by FACS to determine cell surface antigen expression or permeabilized in Cytofix/ Cytoperm solution (Pharmingen), stained for intracellular cytokines, and then analyzed by FACS.
FACS analysis. Flow cytometry was performed by using a FACScan flow cytometer and analyzed with CellQuest software (Becton Dickinson). For each analysis, 10 4 events were gated on CD14 expression and a light scatter gate designed to include only viable cells. Isotype-matched negative-control antibodies (PharMingen) were used to verify the staining specificity.
Statistics. The normality of variable distribution was assessed by the Kolmogorov-Smirnov goodness-of-fit test. Comparison of the distribution of two variables for a single group was performed by using either Student's paired t test or the Mann-Whitney U test, as appropriate. All P values are two-tailed. P values of Ͻ0.05 were considered significant. Statistical analyses were performed by using the SPSS (version 10.0; SPSS, Inc., Chicago, IL) statistical package.
RESULTS

Patients.
The clinical characteristics of patients and the sites of infection and strains diagnosed at the onset of sepsis are reported in Tables 1 and 2 .
Cytokine production by monocytes during sepsis. The CD40L-induced cytokine response of monocytes was analyzed at different time points during sepsis: day 0 (within 24 h of meeting enrollment criteria), day 7, and at the point of clinical recovery (defined as the time when the survivor was afebrile, hemodynamically stable, and without evidence of organ dysfunction attributable to infection); the average and range of time until recovery were 20.2 and 10 to 32 days, respectively. As shown in Fig. 1 , the cytokine response to CD40L stimulation for patients was severely impaired compared with that for controls. In particular, suppression of cytokine production was observed at the onset of sepsis and persisted at day 7 (for levels for controls versus levels for patients at day 0 and day 7, the P value was Ͻ0.05 for TNF-␣, IL-1␤, and IL-12). The cytokine response of monocytes to CD40L was partially but significantly restored for patients who recovered from sepsis (for levels on day 0 and day 7 versus levels at recovery, the P value was Ͻ0.05 for TNF-␣, IL-1␤, and IL-12). Effect of sepsis on the upregulation of surface molecules induced by CD40L. Data on the CD40L-induced expression of surface molecules for septic patients and controls are summarized in Fig. 2A . The results of the analysis of surface markers showed that for healthy controls, 3 days of CD40 ligation resulted in the expression of high levels of CD80, CD86, and CD40. The upregulation of CD40 expression to the levels reached in cells from controls was also observed in monocytes from septic patients after CD40L stimulation. In contrast, only a suboptimal response could be elicited in these cells with respect to CD80 and CD86 expression at both day 0 and 7. Again, the inhibitory effect of sepsis on monocyte susceptibility to CD40L almost disappeared after clinical recovery. The results in Fig. 2B show that the effect of GM-CSF activation on CD80 and CD86 expression for septic patients was not abrogated in comparison to its effect for controls, thus suggesting that the interference with CD40L activity that takes place during sepsis is rather selective. Shown in Fig. 3 are representative FACS plots illustrating the effect of sepsis on CD40L-induced CD80, CD86, and CD40 expression.
Sepsis interferes with the ability of CD40L to induce costimulatory functions in monocytes. The finding of a reduction of CD40L-induced costimulatory surface molecule expression in monocytes from septic patients prompted us to compare the T-cell-stimulatory potential of these cells with that of cells from healthy controls. PBMC from sepsis patients and controls were cultured for 72 h in the presence or in the absence of CD40L or GM-CSF and then stimulated by immobilized anti-CD3 antibody. The proliferative response was assessed by measuring [ 3 H]thymidine uptake (Fig. 4) , and cytokine production by CD3
ϩ T lymphocytes was evaluated by FACS (Fig.  5 ). For both patients and controls, limited [ 3 H]thymidine uptake, no IL-2 production, and low levels of IFN-␥ production were detected in the absence of CD40L or GM-CSF. Both cell proliferation and cytokine expression in PBMC from control subjects were significantly increased by treatment with CD40L or GM-CSF in comparison with their levels in untreated cells. However, only GM-CSF proved able to induce costimulatory activity in monocytes from septic patients. Indeed, in PBMC from these subjects, CD40L treatment resulted in cell proliferation and cytokine expression that were statistically not different from that detected in untreated cells. Finally, costimulation using anti-CD28 antibody (1 g/ml) induced similar levels of cell proliferation and cytokine production for both patients and controls, thus indicating that the reduced T-cell response observed in CD40L-activated PBMC from septic patients was not due to selective defects of T lymphocytes.
CD40L-mediated rescue of monocytes from apoptosis is reduced during sepsis. In the absence of an appropriate stimulus, such as CD40L or GM-CSF, cultured peripheral blood monocytes rapidly undergo apoptosis (39, 49) . In this set of experiments, we tested the effect of sepsis on the ability of CD40L and GM-CSF to rescue cultured monocytes from apoptosis. The percentage of hypodiploid DNA (a reliable marker of apoptosis) was quantified by flow cytometry after staining with propidium iodide (Fig. 6) . After 72 h of culture in the absence of growth factors, the percentage of hypodiploid DNA was readily detectable for cells from both patients and controls. CD40L prevented much of this hypodiploid DNA formation in cells from control subjects but was significantly less active in monocytes from septic patients. However, GM-CSF proved able to prevent hypodiploid DNA formation in monocytes from both controls and sepsis patients.
DISCUSSION
It is widely recognized that sepsis patients are at risk for nosocomial infections, as well as for opportunistic infections usually seen only in immunocompromised patients (21, 52) .
FIG. 1. CD40L-induced cytokine production at different time points during sepsis. The numbers of donors used for the data points shown were as follows: controls, n ϭ 10; patients on day 0, n ϭ 16; on day 7, n ϭ 13; and at recovery, n ϭ 10. Intracellular cytokine production was assessed by FACS. Less than 1% TNF-␣, IL-1␤, and IL-12 production was found in unstimulated cells. Appropriate control experiments with isotype-matched irrelevant monoclonal antibodies were carried out and consistently showed Ͻ1% positive cells. Horizontal bars show the means of the results.
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The results of clinical and experimental studies have suggested that this might be explained by a biphasic immunological pattern during sepsis: an early hyperinflammatory phase followed by a hypoinflammatory state, the so-called compensatory antiinflammatory response syndrome (25, 29, 40, 51) . The initial studies of the pathophysiologic events occurring during the hypoinflammatory state of sepsis concentrated on monocyte hyporesponsiveness due to endotoxin tolerance. Endotoxin tol-
Effect of sepsis on the upregulation of surface molecules induced by CD40L and GM-CSF. The numbers of donors used for the data points shown were as follows: controls, n ϭ 10; patients on day 0, n ϭ 16; on day 7, n ϭ 13; and at recovery, n ϭ 10. (A and B) PBMC were cultured for 72 h in the presence of 500 ng/ml CD40L (A) or 100 U/ml GM-CSF (B). The expression of CD80, CD86, and CD40 on CD14 erance consists of a reprogrammed monocyte response to a repeated LPS challenge with respect to the release of proinflammatory cytokines. Monocytes from septic patients have been reported to have a diminished capacity to release TNF-␣, IL-1␣, IL-1␤, IL-6, and IL-12 (9, 35) , whereas unaltered or even enhanced production of anti-inflammatory factors, such as IL-10 and tumor growth factor-␤, has been reported (46, 50) . Based on the results of these studies, attempts have been made to restore the systemic proinflammatory cytokine response to endotoxin and/or to neutralize the immunosuppressive effects of anti-inflammatory factors. Both GM-CSF and IFN-␥ proved able to restore the LPS responsiveness of monocytes from septic patients (36, 42) . In addition, the ability of human septic plasma to induce tolerance was significantly reduced by anti-IL-10 antibodies (45) . However, none of these therapies were associated with increased bacterial clearance or decreased long-term mortality (36, 42) . Moreover, the results of recent investigations with infectious models using either FIG. 3 . FACS measurement of surface molecule expression, illustrated by exemplary FACS plots. Monocytes from a representative patient and control subject were cultured for 72 h in the presence of 500 ng/ml CD40L or 100 U/ml GM-CSF. The expression of CD80 and CD86 on CD14 
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Cryptococcus neoformans (44) or Salmonella enterica (28) established that LPS-tolerant mice had an increased resistance to fungal or bacterial infection that was associated with a reduced burden of pathogens within the tissues. It is therefore difficult to assume that endotoxin tolerance per se is directly linked to the increased susceptibility of septic patients to nosocomial infections.
In the quest for immunological alterations that may help explain the impaired immune responses during sepsis, we have explored the possible role of monocyte hyporesponsiveness to CD40L stimulation. We found that for patients with sepsis caused by infection with gram-negative organisms, the ability of monocytes to produce proinflammatory and immunoregulatory cytokines, to act as costimulatory cells, and to avoid spontaneous apoptosis in response to CD40L stimulation is markedly reduced.
The role of TNF-␣ in combating infections has recently been underscored by the finding that sepsis and other infectious complications developed in patients with rheumatoid arthritis who were treated with TNF-␣ antagonists (24) . Moreover, in clinical trials, immunotherapy against TNF-␣ significantly increased mortality (12) . Similarly, IL-1␤ plays an important role in the activation of innate, as well as adaptive, immunity. IL-1␤ induces neutrophil recruitment and plays a critical host defense role against Staphylococcus aureus-caused brain abscesses, septic arthritis, and systemic infections (11, 26) . In addition, this cytokine has been shown to influence the growth and differentiation of immunocompetent lymphocytes (30) . Finally, IL-12 is an immunoregulatory cytokine that is critical to the orchestration of cell-mediated immune responses in both the innate and adaptive immune system. IL-12 augments the production of IFN-␥ and other cytokines from natural killer and T cells (6) . Furthermore, IL-12 appears to be a vital component of the host defense against gram-negative bacterial organisms, as evidenced by the heightened host resistance conferred by IL-12 administration in several bacterial infection models (18, 33) . Therefore, the likely relevance of sepsis-related dysregulation of TNF-␣, IL-1␤, and IL-12 production to the increased risk of bacterial superinfection in survivors of FIG. 4 . CD40L fails to increase cell proliferation in anti-CD3-stimulated PBMC from septic patients. PBMC from septic patients (n ϭ 13) were obtained at day 7. The proliferative response was assessed by pulsing the cultures with sepsis is of considerable interest. On the other hand, it should be noted that mortality during sepsis may result from the development of multisystem organ failure, which is associated with the increased production of proinflammatory cytokines (4, 34) . The production of proinflammatory cytokines in the early phases of sepsis is controlled in part by the innate immune response. However, CD40L-dependent or -independent monocyte CD40 activation has also been suggested to play a role. In particular, it has been reported that CD40 knockout mice had delayed death and improved survival after cecal ligation and puncture. The improvements in survival were associated with reduced serum levels of proinflammatory cytokines and IL-12 (15, 39) . At variance with those results, we found that the CD40-mediated production of both proinflammatory cytokines and IL-12 is severely reduced in monocytes from septic patients from the early phases of the disease. This suggests a likelihood that the activation of monocytes by CD40 may not share a central role in the development of the early hyperinflammatory stages of sepsis. In addition to reduced production of TNF-␣, IL-1␤, and IL-12, CD40L-activated monocytes from septic patients also showed a profoundly affected ability to upregulate CD80 and CD86 and to induce T-cell proliferation and cytokine secretion. A number of different cell types, including monocytes, perform antigen-presenting cell functions. However, to become competent antigen-presenting cells, monocytes first require activation by CD40L in order to upregulate the expression of CD80 and CD86 (53) . CD28/CD80-CD86 interactions play a central role in providing costimulatory signals to T cells (23) . The ligation of CD28 by CD80 and/or CD86 has been shown to induce T-cell production of growth factors and T-cell proliferation (8) . Thus, it is possible that the impaired costimulatory ability of CD40L-activated monocytes from septic patients was due to reduced surface expression of these molecules. In agreement with these findings, the results of recent studies indicate that the macrophage antigen-presenting capacity appears to become dysfunctional by 24 h after sepsis is induced (3) and remains at subnormal levels for up to 14 days (14) . In contrast with the reduced ability to upregulate the expression of CD80 and CD86, CD40L-activated monocytes from septic patients proved able to optimally increase the expression of CD40. This indicates that the downmodulating effects of sepsis on CD40L-stimulated monocytes are not simply due to suboptimal CD40 expression. These data disagree with the results from our recent in vitro study in which LPS was found to interfere with CD40L-directed CD40 upregulation. The differences between the results of the in vitro and in vivo studies may be due to the presence in vivo of additional mediators able to affect the expression of coreceptors. Alternatively, it should be noted that in our in vitro experimental system the effect on CD40 expression was observed at LPS concentrations (Ͼ100 ng/ml) that are not usually detected during sepsis. In accord with the data presented here, several authors have reported that CD40 expression is unaltered or even enhanced on monocytes during sepsis (37, 48) .
The results of recent studies of the means by which monocyte apoptosis is regulated have demonstrated that LPS activation or the treatment of monocytes with IL-1␤ or TNF-␣ protects monocytes from apoptosis (32) . Interestingly, cytokines involved in the recruitment of monocytes to sites of inflammation (e.g., monocyte chemoattractant protein 1 and transforming growth factor-␤) have no such effect (31) . This suggests that monocytes may be recruited to a site of inflammation but will undergo apoptosis unless they receive further stimuli allowing for survival through activation. Signaling through CD40 has also been shown to regulate monocyte homeostasis during immune responses by counteracting apoptosis (41) . As we show here, monocytes from septic patients proved to be poorly responsive to the antiapoptotic effect of CD40 activation. The reduced ability of CD40L to rescue monocytes from apoptosis may increase the rate of monocyte apoptosis induced by antigen presentation (43) and contribute to the decrease of the effectiveness of the immune response observed during sepsis.
Sepsis is a very complex syndrome due to the marked biologic differences of the etiologic determinants, heterogeneity of patients, and mostly unknown physiopathologic mechanisms. Thus, no single restricted patient population can be considered representative for this syndrome. Due to the very probable, literature-supported role of LPS in the pathogenesis of sepsis and, in particular, of monocyte dysfunction during sepsis, for this study we selected a cohort of patients with sepsis of documented gram-negative-organism etiology. With this background in mind, we wish to stress that any specific physiopathologic or therapeutic inference from our data should be made only with great caution at this time. However, a substantial share of the morbidity and mortality observed during sepsis is due to the consequences of sepsis-associated immunosuppression. Patients with severe sepsis may therefore benefit from treatments aimed at stimulating innate and adaptive immune responses. Monocyte hyporesponsiveness to CD40L may contribute substantially to the impairment of adaptive immune response during sepsis, and therapeutic strategies based on "boosting" the response of monocytes to CD40L may prove useful in ameliorating the clinical outcome in sepsis patients.
